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Microfluidic engineering of neural stem cell niches for fate
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Neural stem cell (NSC) transplantation has great therapeutic potential for
neurodegenerative diseases and central nervous system injuries. Successful NSC
replacement therapy requires precise control over the cellular behaviors. However, the
regulation of NSC fate is largely unclear, which severely restricts the potential clinical
applications. To develop an effective model, we designed an assembled microfluidic
system to engineer NSC niches and assessed the effects of various culture conditions
on NSC fate determination. Five types of NSC microenvironments, including two-
dimensional (2D) cellular monolayer culture, 2D cellular monolayer culture on the
extracellular matrix (ECM), dispersed cells in the ECM, three-dimensional (3D)
spheroid aggregates, and 3D spheroids cultured in the ECM, were constructed within
an integrated microfluidic chip simultaneously. In addition, we evaluated the influence
of static and perfusion culture on NSCs. The efficiency of this approach was evaluated
comprehensively by characterization of NSC viability, self-renewal, proliferation, and
differentiation into neurons, astrocytes, or oligodendrocytes. Differences in the status
and fate of NSCs governed by the culture modes and micro-niches were analyzed.
NSCs in the microfluidic device demonstrated good viability, the 3D culture in the
ECM facilitated NSC self-renewal and proliferation, and 2D culture in the static state
and spheroid culture under perfusion conditions benefited NSC differentiation.
Regulation of NSC self-renewal and differentiation on this microfluidic device
could provide NSC-based medicinal products and references for distinct nerve disease
therapy. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4974902]

I. INTRODUCTION

Neural stem cells (NSCs) originate from the central nervous system (CNS) during develop-
ment and adulthood,l’2 which have the ability to self-renew through cell division and differenti-
ate into all cell types of neural lineages including neurons, astrocytes, and oligodendrocytes.***
As tissue-specific stem cells, NSCs can be differentiated to replace lost or injured neurons or
glial cells to reconstitute healthy neural cell populations, which has great potential as a func-
tional stem cell therapy for CNS injuries such as ischemic stroke, spinal cord injury, and
traumatic brain injury, and neurodegenerative disorders such as Parkinson’s and Alzheimer’s
disease.”® NSC transplantation has already shown neuronal regeneration and functional behav-
ior recovery in diseased animals.” Furthermore, systematic human trials involving human NSC
therapy have been conducted successfully.® However, many obstacles still exist, which hinder

VY. Wang and J. Ma contributed equally to this work.
 Authors to whom correspondence should be addressed. Y. Ren, No. 155 Nanjing Road, Shenyang, China, and J. Liu, No. 222
Zhongshan Road, Dalian, China. Electronic addresses: renyan0411@sina.com and liujing@dmu.edu.cn.

1932-1058/2017/11(1)/014106/14/$30.00 11, 014106-1 Published by AIP Publishing.


http://dx.doi.org/10.1063/1.4974902
http://dx.doi.org/10.1063/1.4974902
http://dx.doi.org/10.1063/1.4974902
mailto:renyan0411@sina.com
mailto:liujing@dmu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4974902&domain=pdf&date_stamp=2017-01-25

014106-2 Wang et al. Biomicrofluidics 11, 014106 (2017)

the clinical application of NSCs, such as low survival rates, the lack of effective methods to
control NSC fate, teratoma formation, and low tissue integration after tlransplantation.9

NSCs are highly sensitive to their chemical and physical microenvironments. Therefore,
the importance of the NSC niche has been highlighted in previous investigations.'®'" In partic-
ular, the NSC niche integrates heterogeneity, compartmentalization, and a three-dimensional
(3D) configuration. Furthermore, construction of a NSC niche requires the extracellular matrix
(ECM), soluble factors, vasculature, and neighboring cellular components (neuron, glia).'*"?
These niches anatomically house NSCs and functionally control their development in vivo,
which in turn affect the survival, proliferation, recruitment, and fate of NSCs. More impor-
tantly, NSC niches support NSC self-renewal and, under certain circumstances, guide NSC dif-
ferentiation into specific lineages by the regulation of soluble factors and intercellular/
cell-ECM interactions.'*'® In practice, functional testing of NSCs in animal models has vari-
ous limitations, such as low throughput, high costs, intensive labor, and experimental variations.
Recently, the appearance of in vitro models incorporating NSC niche elements has facilitated
studies of individual factors in NSC fate specification and possible NSC applications in regener-
ative medicine.'”'® Representative engineering methods used to build in vitro NSC niches
include bioactive polymers functionalized with multivalent ligands or peptides,'®*° synthetically
or biologically derived hydrogels,”'** 3D substrates at the microscale or nanoscale with differ-
ent stiffness or topographical properties,”** and genetically engineered ECMs for artificial
niches.”” However, the absence of physiologically realistic NSC niche models with precise spa-
tiotemporal control and effective methods for evaluation has hindered research of NSC fates.

The intrinsic merits of microfluidic systems in stem cell research include precise control of flu-
idic conditions, low consumption of rare cells and reagents, high throughput screening, single cell
handling, real-time analysis, perfusion and long term cultures, and high integration.**’ Consequently,
several studies on NSC niche construction using microfluidic technology have been reported, aiming
to precisely and flexibly engineer physiological environments in vitro and potentially regulate the spa-
tial and temporal progression of self-renewal or differentiation processes of NSCs. Using microfluidic
methods, several individual factors regulating the NSC niche have been studied, such as cytokines,
hypoxia, mechanical compression, 3D hydrogels, vessel flow, and polymer fiber scaffolds.”®*
Despite these developments, most studies have focused on the effects of a single factor on NSCs or
employed a 2D culture model on the surface of microchannels in devices. Whether distinct niche
locations affect NSC fates remains unclear, and the optimal culture conditions to guide NSC behav-
iors still need clarification. In addition, highly integrated systems with easy operation will benefit biol-
ogists and clinicians to address specific questions in stem cell biology.

Here, we developed an innovative and straightforward approach to investigate the effects of
micro-niches on NSC determination using an assembled microfluidic array. In our system, we con-
sidered the dimension (2D vs. 3D) and heterogeneity of NSC culture, ECM components, and fluid
shear conditions to construct various microenvironments. The advantage of our method is that all
of the individual culture conditions and the corresponding effects on NSC fate could be examined
with the same integrated microfluidic chip simultaneously. Under the various culture conditions,
viability, self-renewal, proliferation, and differentiation behaviors of NSCs presented different phe-
nomena. We found that NSCs in the microfluidic device demonstrated good viability, 3D culture
in the ECM facilitated NSC self-renewal and proliferation, and that 2D culture in the static state
and spheroid culture under perfusion conditions promoted NSC differentiation. Compared with
conventional NSC culture, this study provides a novel model for investigation of the niche-induced
NSC fate in vitro by screening a wide range of conditions. Additionally, NSC-based medicinal
products with self-renewal or differentiation capability could be realized with our platform, which
offers guidance for in vitro NSC culture to treat specific nervous system diseases.

Il. MATERIALS AND METHODS
A. Design and fabrication of the microfluidic device

A schematic of the microfluidic device for cell culture is shown in Fig. 1. The entire
microfluidic device consisted of a poly-dimethylsiloxane (PDMS, Sylgard 184, Dow Corning,
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FIG. 1. Schematic diagram of NSC niches in the brain and in vitro model on the assembled microfluidic system. NSCs
were cultured as (1) NSC monolayer, (2) NSC monolayer on the ECM, (3) NSCs dispersed in the ECM, (4) NSC spheroids,
or (5) NSC spheroids in the ECM. Culture conditions were either perfusion or static.

USA) microfluidic chip and two PDMS-coated glass slides as the cover. The lower layer
(microfluidic chip) consisted of perfusion channels and an open system with cell culture cham-
bers as a 4 x 4 array. The array unit shared the terminal reservoir. The upper layer (glass cov-
ers) was coated with PDMS, and this hydrophobic surface was used for cell culture. The three
parts were assembled together to seal the microfluidic 4 x 4 chamber array by the PDMS-
PDMS surface tension and could be readily detached after the experiment for subsequent analy-
ses by the reversible bonding.

For microfluidic chip fabrication, a positive mold patterned from SU-8 negative photoresist
(3035, Micro Chem) using a standard soft lithography procedure was used to fabricate the
PDMS substrate containing microchannels and chambers. After punching, plasma treatment,
and sealing, the microfluidic chip was formed as depicted in Fig. 1. The chip consisted of per-
fusion channels with a width and height of 300 um and a set of open chambers with a width of
5 mm, height of 2mm, and pitch of 4 mm. The microfluidic chip was modified and sterilized to
form a hydrophilic and sterile surface for smooth medium addition to the chip and maintaining
cell viability. PDMS was spin-coated and solidified on the two clear glass slides. These slides
were assembled to the microfluidic chip under the PDMS-PDMS bonding strength, aligning the
cell culture region of the PDMS slide to the chamber region in the microfluidic chip. After seal-
ing, only the inlet and outlet sites were open for fluidic access.

B. Isolation and culture of NSCs

NSCs were freshly isolated from the cortexes of Sprague-Dawley rat (Experimental Animal
Center of Dalian Medical University, Dalian, China) fetuses at embryonic day 13 and then
expanded in a cell culture dish at a density of 2 x 10° cells/ml in Dulbecco’s Modified Eagle
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Medium/Nutrient Mixture F12 (Gibco BRL, MD, USA) supplemented with the mitogenic fac-
tors, 20ng/ml epidermal growth factor (EGF, Gibco BRL) and basic fibroblast growth factor
(bFGF, Gibco BRL) to form neurospheres at 37 °C, 5% CO,, 21% O,, and constant humidity.
NSC growth medium was replaced every 48 h. For NSC differentiation, spontaneous differentia-
tion was induced by removing EGF and bFGF.

C. Inoculation of NSCs and assembly of the microfluidic device

Five groups under different culture conditions were tested, including two 2D groups (NSC
monolayer and NSC monolayer on the ECM), NSCs dispersed in the ECM, NSC spheroids,
and NSC spheroids in the ECM, as shown in Fig. 1. Three days were needed for NSC inocula-
tion. For each group, third passage neurospheres were dissociated into a single cell suspension
at a seeding density of 1 x 10° cells/ml.

On the first day, a PDMS slide with an area sufficient to cover the two rows of chambers
in the microfluidic chip was sterilized by ultraviolet light exposure for 1 h. The NSC suspension
was manually dripped onto the PDMS slide regions, aligning the rows of chambers for NSC
spheroids and NSC spheroids in the ECM in the lower microfluidic chip. Because of the hydro-
phobic surface, two droplet arrays with 10 ul/drop were formed on the PDMS surface. The slide
was inverted and placed in a humidified chamber with 5% CO, at 37 °C to allow the NSCs to
sink and aggregate into multicellular spheroids. Then, poly-ornithine (1 mg/ml, PO, Advanced
BioMatrix, USA) was dripped onto another PDMS slide with a surface area covering the two
rows of chambers in the microfluidic chip, aligning the position of the chambers for the mono-
layer group. PO modification on the PDMS surface was achieved by overnight incubation at
room temperature for the monolayer group.

On the second day, modification liquid PO was replaced with 10 pg/ml laminin (LN,
Sigma, USA), followed by incubation for 4h at 37°C and then washing with phosphate buff-
ered saline (PBS). A collagen hydrogel (5mg/ml, rat tail tendon collagen type I; Shengyou
Biotechnology Co., Ltd., Zhejiang, China) was used as the ECM for NSC culture. The hydrogel
was diluted in a mixture of 10x PBS and distilled deionized water. The pH of the collagen
solution was adjusted to 7.0 with 0.1 mol/l NaOH. For the NSC monolayer on the ECM, a col-
lagen solution (1 mg/ml) was dripped beside the PO-LN modification array, aligning the posi-
tion of the chambers for the NSC monolayer on the ECM. After solidification in a 37 °C incu-
bator for 40min, collagen coating was achieved. A suspension of NSCs at 10 ul/drop was
manually dripped onto the modified PDMS regions for the NSC monolayer and NSC monolayer
on the ECM. The seeded slide was placed in the incubator overnight for NSC attachment onto
the PDMS and collagen surface.

On the third day, for the NSC monolayer, NSC monolayer on the ECM, and NSC sphe-
roids, cell preparations were completed. For NSCs dispersed in the ECM, NSCs suspended in a
collagen solution (1 mg/ml) were dripped onto the PDMS slide at 10 ul/drop, aligning the row
of the chamber for NSCs dispersed in the ECM. For NSC spheroids in the ECM, after aspira-
tion of the culture medium by pipetting, multicellular spheroids on the slide were dripped with
collagen solution at 10 ul/drop. The collagen drops containing dispersed NSCs and NSC sphe-
roids allowed them to crosslink and solidify in an incubator for 40 min.

The two PDMS slides with a 4 x4 NSC array were assembled to the chamber region of
the lower microfluidic chip by aligning the 4 x 4 NSC array towards the 4 x 4 culture cham-
bers, and the three parts were spring clamped with stainless steel clamps. This sealed the NSC
array in the microfluidic chamber for perfusion and static culture.

D. Perfusion and static culture of NSCs in the microfluidic device

After assembly of the microfluidic device, perfusion or static culture was carried out. For
static culture, medium was added to the inlet using a pipette to fill the channels and culture
chambers and to remove any air bubbles and immerse the NSCs in the five different conditions.
Culture medium was replaced with 1.44 ml fresh medium every day. For the perfusion culture,
after the procedure of static culture preparation, the culture medium was pumped into the inlet at a
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constant flow rate of 1pul/min using a precision syringe pump (LSP02-2A, Baoding Longer
Precision Pump Co., Ltd., Hebei, China) and polytetrafluoroethylene (PTFE) tubing (IDEX Health
and Science, USA). The integrated device was placed in the humidified CO, incubator at 37°C
for 4 days. In NSC differentiation experiments, the culture durations were 4, 7, and 14 days.

E. Cell viability assessment

The PDMS slide was detached from the lower microfluidic chip for sample collection after
perfusion and static culture. The viability of NSCs under different culture conditions was evalu-
ated by staining with Calcein-AM/PI and Hoechst 33342 (Sigma) in PBS at 1 ug/ml each. PBS
washing (twice, 5min each) was applied to the samples before and after 30 min of incubation in
the staining solution. Fluorescence images were obtained using a confocal laser scanning micro-
scope (Leica SP8, Germany). Imaging settings were constant, and each 3D specimen was divided
into 30 layers for image acquisition with maintenance of the same pixel and light source intensi-
ties. Quantitative statistics were calculated by acquiring five individual stacks before z-axis pro-
jection for image analysis using Image-Pro Plus software (IPP 5.0 system, Media Cybernetics,
Rockville, MD). Cell viability was evaluated by calculating the live cell percentage of the total
cells. The number of cells was determined by counting cells in five randomly chosen fields.

F. Fluorescence staining and imaging

For characterization of NSC maintenance, proliferation, and differentiation, we performed
immunostaining. Samples were recycled and treated with 4% paraformaldehyde (Sigma), 0.3%
Triton-X100 (Sigma), and 1% bovine serum albumin in PBS and then incubated overnight with
primary antibodies against nestin, f-tubulin-III, MAP2, ALDHIL1, GFAP, or SOX10 (Abcam,
UK), or Ki-67 (Zhongshan Golden Bridge Biotechnology Co., Ltd, Beijing, China) at 4°C
according to the manufacturer’s instructions. After rinsing with PBS, the cells were incubated
with tetraethyl rhodamine isothiocyanate (TRITC)-labeled anti-mouse IgG and fluorescein
isothiocyanate (FITC)-labeled anti-rabbit IgG (1:100) (Sigma) for 90 min at room temperature.
A Hoechst 33258 staining solution (1:1000) (Sigma) was used to stain nuclei and indicate cell
positions. Specimens of NSC spheroids, NSCs dispersed in the ECM, and NSC spheroids in the
ECM were sectioned into 30 layers for image analysis. Imaging settings and quantitative statis-
tics were the same as those used for the cell viability assessment.

G. Quantitative real-time PCR

Samples were collected from the disassembled microfluidic device for investigation of
markers indicating cell lineage determination by quantitative real-time polymerase chain reac-
tion (qQRT-PCR). Briefly, total ribonucleic acid (RNA) was extracted from cultured cells.
Complementary deoxyribonucleic acid (cDNA) was generated from the purified RNA using a
PrimeScript'™ RT reagent Kit (Takara, Japan) according to the manufacturer’s instructions.
qRT-PCR was performed in a Thermal Cycler Dice Real Time System by mixing 2 ul of the
synthesized cDNA with SYBR® Premix Ex Taq"™ II reagents (Takara, Japan) and appropriate
primers according to the manufacturer’s protocol. Primer sequences are summarized in Table 1.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a housekeeping gene for
normalization.

H. Statistical analysis

Quantitative data were presented as means * standard deviation. Statistical analyses were
performed using the Student’s t-test. Error bars indicated the standard error of the mean relative
to the control. Values of *p <0.05 and **p <0.01 were considered as statistically significant
(o: NSC monolayer vs. NSC monolayer on the ECM both under perfusion conditions, @: NSC
monolayer vs. NSC monolayer on the ECM under static conditions, n: NSCs dispersed in the
ECM vs. NSC monolayer on the ECM both under perfusion conditions, *: NSCs dispersed in
the ECM vs. NSC monolayer on the ECM both under static conditions, A: NSCs dispersed in
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TABLE 1. Primer sequences for qRT-PCR.

Target name Primer sequences (forward, reverse)
GAPDH 5'-GGCACAGTCAAGGCTGAGAATG-3'
5'-ATGGTGGTGAAGACGCCAGTA-3
MAP2 5'-AGCCTGCAGCTCTGCCTTTA-3
5'-CTTCCAGTGCAGCTGTTTGTTC-3
TUJ1 5'-CAGATGCTGGCCATTCAGAGTAAG-3
5'“TGTTGCCGATGAAGGTGGAC-3
ALDHIL1 5'-GTTTGCCGAGCTGACACTGAA-3
5'-CGTGGAGCCTGTGAACCCTA-3
GFAP 5'-AGGCTGCTGGAGCAAGACAA-3
5'-GCCTTAGTGGCCATTCCAGGTA-3'
MBP 5'-ATGGTGAGATTCACCGAGGA-3'
5'-CATTGTTCTGGATCGCATCTG-3'
SOX10 5'-CGCACCTCCACAATGCTGA-3

5'-GAGGTTGGTACTTGTAGTCCGGATG-3'

the ECM vs. NSC spheroids in the ECM both under perfusion conditions, #: NSC spheroids vs.
NSC monolayer both under static conditions, &: NSC monolayer under perfusion and static
conditions, %: NSC monolayer on the ECM under perfusion and static conditions, and +: NSC
spheroids under perfusion and static conditions).

lll. RESULTS AND DISCUSSION
A. Microfluidic array for NSC culture under multiple conditions

To establish a robust and straightforward approach for constitution of multiple NSC niches
and subsequently screen the optimal culture conditions for maintenance and differentiation of
NSCs, we designed and fabricated an assembled and detachable microfluidic array. The sche-
matic of the microfluidic system for cell culture is shown in Fig. 1. The entire microfluidic
device consisted of a PDMS microfluidic chip and two PDMS-coated glass slides as the cover.
The lower layer (microfluidic chip) consisted of the perfusion channels with a width and height
of 300 um and an open system with cell culture chambers as a 4 x 4 array with a width of
5 mm, height of 2mm, and pitch of 4 mm. In particular, the culture chambers were designed to
be compatible with multichannel pipettes for seeding cells and changing medium, which
allowed simultaneous introduction of cells or the ECM and significantly increased throughput
of the cell culture and analysis. The upper layer (glass cover) was coated with PDMS, and this
hydrophobic surface was used for compartmentalized cell culture under various conditions. The
three parts were assembled together to seal the microfluidic 4 x 4 chamber array under the
PDMS-PDMS surface tension and could be readily detached after experiments for subsequent
analyses because of the reversible bonding.

In this device, five culture conditions were established, including NSCs as the monolayer,
monolayer on the ECM, spheroids, dispersed cells in the ECM, and spheroids in the ECM as
shown in Fig. 1. To ensure the same starting point of static or perfusion culture, the five groups
of NSCs were inoculated as follows. First, for NSC spheroids and NSC spheroids in the ECM,
NSC suspensions were dripped to generate two arrays on one of the PDMS slides, aligning the
rows of chambers for corresponding culture groups in the lower microfluidic chip. After 2 days
of sinking and aggregation, uniform NSC spheroids were generated. For monolayer NSC cul-
ture, we used PO/LN or collagen regionally modified PDMS slides. Next, NSCs suspended in
the collagen solution were dripped onto the PDMS slide regions for the NSC culture dispersed
in the ECM. For NSC spheroids in the ECM, after aspirating the culture medium by pipetting,
multicellular spheroids on the slide were dripped with the collagen solution. The collagen drops
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containing dispersed NSCs and NSC spheroids were allowed to gel. Finally, the two PDMS
slides with a 4 x4 NSC array were attached to the chamber region in the lower microfluidic
chip by aligning the 4 x4 NSC array towards the 4 x 4 culture chambers. Then, perfusion or
static culture was carried out for various durations.

To construct an effective niche for studying NSC fate determination, we followed several
general principles. In terms of NSC self-renewal, the niche maintains NSCs in a quiescent and
undifferentiated state. In contrast, for NSC differentiation, the niche must be structured so that
both the type and number of differentiated cells can be modulated in response to different phys-
iological cues. We designed the microfluidic device for flexible operation with multiple func-
tions by taking account of the culture parameters including the dimension (2D vs. 3D) and het-
erogeneity of NSC culture, ECM components, and fluid shear conditions. All of these
individual culture conditions as well as parallel comparisons of their effects on NSC behaviors
were achieved on the same integrated microfluidic chip simultaneously in a controllable and
parallel manner. This device provides a versatile model for NSC culture in vitro to facilitate
screening of a wide range of conditions, which reconstructs a physiological environment such
as the heterogeneity and 3D growth conditions of NSCs.

B. Viability of NSCs

The viability of NSCs was measured by calculating the percentage of live cells stained
with calcein among total cells (nuclear stained), as shown in Fig. 2(A). Under static conditions,
the average live cell percentage decreased from 99.01% (NSC monolayer) and 98.06% (NSC
monolayer on the ECM) to 73.56% (NSCs dispersed in the ECM), 65.84% (NSC spheroids),
and 61.7% (NSC spheroids in the ECM), respectively, as illustrated in Fig. 2(B). These results
imply that NSCs in spheroids or ECM-embedded culture under static conditions were prone to
necrosis or apoptosis due to insufficient permeation of nutrients and oxygen. This phenomenon
was particularly evident in NSC spheroids in the ECM, which had the lowest viability owing to
the most complicated culture condition. In comparison, perfusion treatment partly rescued such
events with almost the same percentages of live cell in the five groups, indicating that perfusion
facilitates sufficient exchange of nutrients and oxygen for NSC growth regardless of either a
3D spheroid architecture or embedding in the ECM. In addition, NSC viabilities were obviously
different between perfusion and static conditions in the 2D environment (NSC monolayer and
NSC monolayer on the ECM), whereas the difference was not obvious in the 3D cultures. This
observation suggests that the influence of shear stress on NSCs in 3D culture was less than that
in 2D culture. Thus, 3D culture could effectively protect NSCs from shear force causing dam-
age. Our microfluidic systems provided spatial and temporal control of fluid behaviors such as
laminar flow and molecular transport by diffusion. It has been reported that perfusion culture
can mimic the body tissue fluid flow, thereby supplying necessary nutrients and oxygen and
removing waste metabolites, which stabilize physiological balances and maintain cell-cell com-
munication and cell-ECM interactions.>*>> In addition, perfusion in 3D cell culture can signifi-
cantly enhance the diffusion efficiency and confer specific shear stress to direct cell
behaviors.*®
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C. Self-renewal and proliferation of NSCs

NSCs are multipotent cells that maintain their self-renewal or proliferative capacity and dif-
ferentiation potential, as shown in Fig. 1. We investigated NSC self-renewal in the various
niche conditions created by the microfluidic device. As shown in Fig. 3(A), immunofluores-
cence staining of nestin, a neuroectodermal stem cell marker, was performed in NSCs cultured
for 4 days. The self-renewal of NSCs was characterized by the percentage of nestin-positive
NSCs among total cells. The statistical results in Fig. 3(B) indicated that, regardless of perfu-
sion or static conditions, NSC spheroids in the ECM exhibited the highest nestin expression
with 0.02, 14.33, 1.09, and 0.44 fold higher nestin expression than in the NSC monolayer, NSC
monolayer on the ECM, NSCs dispersed in the ECM, and NSC spheroids under perfusion con-
ditions, respectively. Under the static condition, NSC spheroids in the ECM showed similarly
enhanced nestin expression with 0.46, 27.50, 0.19, and 0.16 fold higher nestin expression than
in the NSC monolayer, NSC monolayer on the ECM, NSCs dispersed in the ECM, and NSC
spheroids, respectively. These results suggest that spheroid culture in the ECM facilitates NSC
self-renewal compared with other culture conditions and that the 3D ECM microenvironment
benefits the undifferentiated state of NSCs. Moreover, in 2D culture (NSC monolayer and NSC
monolayer on the ECM), the numbers of nestin-positive NSCs were higher under perfusion con-
ditions than in the static condition. Furthermore, for all of the 3D culture groups, static culture
was propitious to NSC self-renewal and maintenance. Han et al.*” found that 3D collagen cul-
ture promotes maintenance of NSC self-renewal by inactivation of mTOR and over-expression
of REDDI. Their study indicated that 3D ECM culture facilitates self-renewal of NSCs. These
results were consistent with our findings showing the highest nestin expression in the spheroid
culture in the ECM. However, Han et al.®' showed a significant reduction in nestin expression
of 3D culture compared with 2D culture, which is in agreement with our results indicating
higher nestin expression in the NSC monolayer than NSCs dispersed in the ECM and NSC
spheroids under perfusion conditions. The proposed culture conditions for NSC self-renewal are
summarized in Fig. S2 (supplementary material).

We next investigated the proliferation of NSCs. As shown in Fig. 4(A), immunofluores-
cence staining of Ki-67, a specific marker of proliferating cells, was performed in NSCs. The
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nucleus. Scale bars represent 100 um. (B) Quantitative analysis of Ki-67-positive NSC percentages in each group, n=>5.
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proliferative ability of NSCs was expressed by the percentage of Ki-67-positive NSCs among
total cells. Regardless of perfusion or static conditions, the NSC monolayer on the ECM exhib-
ited the lowest Ki-67 expression (Fig. 4(B)). Under perfusion conditions, NSCs dispersed in the
ECM had the highest Ki-67-positive expression level, as illustrated in Fig. 4(B). Furthermore,
under static conditions, the average percentages of Ki-67-positive cells in the NSC monolayer,
NSCs dispersed in the ECM, and NSC spheroids were not significantly different. The most
notable increase of Ki-67 expression appeared in NSC spheroids in the ECM under static condi-
tions, which was in consistent with the variation in nestin expression. These results suggest that
the synergistic effect of spheroid heterogeneity and ECM influenced the proliferation of NSCs
significantly. In particular, under perfusion culture, the expression of Ki-67 in the NSC mono-
layer was higher than that in NSC spheroids. Moreover, compared with NSC spheroids in the
ECM, NSCs dispersed in the ECM showed an increase in nestin expression. These findings sug-
gest that individual NSCs have better proliferation under fluidic perfusion. In addition, except
for NSCs dispersed in the ECM, Ki-67-positive cell ratios under perfusion conditions were
lower than those under static conditions, indicating that static culture facilitates NSC
proliferation.

D. Differentiation of NSCs into neurons, astrocytes, and oligodendrocytes

Neurons, astrocytes, and oligodendrocytes all originate from NSCs. The potential for differ-
entiation into all neural tissues via different exogenous cues from the niche makes NSCs
extremely attractive for CNS regeneration therapy. Therefore, we examined the differentiation
of NSCs in the niches constructed within the microfluidic array. Following the standard NSC
culture protocols,>® static culture of NSCs was first performed to determine the optimal condi-
tions for differentiation. To evaluate the effects of various culture conditions on NSC differenti-
ation, we performed qRT-PCR analysis of differentiation-associated gene expression in NSC
samples. The comparative relation of the five groups was set as shown in Fig. S1 (supplemen-
tary material). Briefly, the NSC monolayer and NSC monolayer on the ECM were set as two
independent control groups. In addition, these two groups were also compared. Beginning with
the NSC monolayer, cell fate marker expression was compared between two adjacent groups
counterclockwise. Furthermore, starting from the NSC monolayer on the ECM, marker expres-
sion was compared between two adjacent groups clockwise. These two circulations were carried
out simultaneously, and once marker expression of an upstream group was higher than that in
the downstream group, this circulation was suspended. The set criterion of two adjacent groups
was that there was only one single variable factor between the groups, thereby making them
comparable. All of the comparisons for differentiation were carried out according to these
criteria.

Neuronal lineage determination of NSCs was represented by MAP2 and TUJ1. Under static
culture conditions, the differentiation rate of NSCs into neurons was relatively higher in the
NSC monolayer and NSC monolayer on the ECM at 4, 7, and 14 days compared with that of
NSC spheroids and NSCs dispersed in the ECM, in which NSCs were all cultured in 3D (Fig.
5(A)). For the NSC monolayer and NSC monolayer on the ECM, perfusion was carried out,
and gene expression under perfusion was compared with that under static conditions, as shown
in Fig. 5(B). We found obvious decreases in the expression of MAP2 and TUJ1 under perfusion
culture, which indicated that the 2D-dependent static condition might facilitate NSC differentia-
tion into the neuron lineage. MAP2 and f-tubulin-III, which are exclusively expressed in neu-
rons, were used as proxies to represent the differentiation of NSCs into neurons, as shown in
Figs. 5(C) and 5(D). After 4, 7, and 14 days of culture, the NSC monolayer in the static state
exhibited neurite extensions with average lengths of 67, 84, and 55 um, respectively, and a high
neurite-positive percentage in total cells, as shown in Figs. 5(C) and 5(E). While in the NSC
monolayer on the ECM in the static state, the average lengths of neurite extensions after 4, 7,
and 14 days were 22, 76, and 48 um, respectively. As shown in Figs. 5(C)-5(F), regardless of
the neurite length or neurite-positive percentage, the NSC monolayer under static conditions
displayed remarkable neuronal differentiation compared with the NSC monolayer on the ECM
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FIG. 5. Capability of NSCs to differentiate into neurons at 4, 7, and 14 days. (A) Quantitative analysis of MAP2 and TUJ1
mRNA expression in the five culture groups under the static condition, n = 3. (B) Quantitative analysis of MAP2 and TUJ1
mRNA expression in the NSC monolayer and NSC monolayer on the ECM in perfusion and static culture, respectively,
n=3. (C) Confocal images of the NSC monolayer in static culture. Green represents MAP2, red is f-tubulin-III, and blue
is the nucleus. (D) Confocal images of the NSC monolayer on the ECM in static culture. Green represents MAP2, red is
p-tubulin-II1, and blue is the nucleus. Scale bars represent 100 um. (E) Neurite length (n =50) and the percentage of cells
with neurites (n = 10) in the NSC monolayer under static conditions. (F) Neurite length (n =50) and the percentage of cells
with neurites (n = 10) in the NSC monolayer on the ECM under static conditions.

in the static state. Cui et al. showed inhibition of neural differentiation of NSCs in 3D collagen
scaffolds compared with 2D-cultured cells,” which is consistent with our results. In addition,
Liu et al. revealed that NSCs in an adherent monolayer culture are capable of developing into

neurons .40
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Next we examined the differentiation of astrocytes, a subtype of glial cells in the CNS. In
this study, quantification of astrocytic markers ALDHIL1 and GFAP was used to characterize
the differentiation of NSCs into the astrocytic lineage. As shown in Fig. 6(A), under static con-
ditions, the NSC monolayer on the ECM expressed higher messenger RNA (mRNA) levels
than NSCs dispersed in the ECM. ALDHIL1 and GFAP expressed at higher levels in NSC
spheroids than in the NSC monolayer and NSC spheroids in the ECM. High expression of these
markers was particularly obvious in NSC spheroids under perfusion conditions, as indicated in
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FIG. 6. Capability of NSCs to differentiate into astrocytes at 4, 7, and 14 days. (A) Quantitative analysis of ALDHILI and
GFAP mRNA expression in the five culture groups under static conditions, n= 3. (B) Quantitative analysis of ALDHILI
and GFAP mRNA expression in the NSC monolayer on the ECM and NSC spheroids in perfusion and static culture,
respectively, n = 3. (C) Confocal images of the NSC monolayer on the ECM in the static state. Green represents ALDHI1L1
or GFAP, and blue is the nucleus. (D) Confocal images of NSC spheroids under perfusion conditions. Green represents
ALDHILI1 or GFAP, and blue is the nucleus. Scale bars represent 100 um.
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Fig. 6(B). However, under perfusion conditions, ALDHIL and GFAP showed nearly non-
detectible expression in the NSC monolayer on the ECM. Figs. 6(C) and 6(D) show immunoflu-
orescence staining of ALDHIL1- and GFAP-positive NSCs as a monolayer on the ECM under
static culture and as spheroid aggregates under perfusion, respectively. In particular, as shown
in Fig. 6(A), under static conditions at 7 and 14 days, expression of ALDHIL1 and GFAP in
NSCs dispersed in the ECM and NSC spheroids in the ECM was extremely low, demonstrating
an ECM-dependent inhibitive effect on differentiation of astrocytes from NSCs. Han er al.*!
found a reduction of astrocytic differentiation in ECM compositions of both macro- and micro-
collagen groups, which was in agreement with our results. Whilst, Zhou et al. revealed that
neural progenitor cells cultured as 3D neurospheres underwent enhanced astrocyte differentia-
tion compared with the 2D condition.*'

The differentiation of NSCs into oligodendrocytes was determined by MBP and SOX10
expression analysis using qRT-PCR and immunostaining at 4, 7, and 14 days. As shown in Fig.
7(A), under static conditions, notably high levels of MBP and SOX10 were observed in the
NSC monolayer on ECM and NSC spheroids. However, as shown in Fig. 7(B), MBP and
SOX10 were downregulated in the NSC monolayer on the ECM under perfusion, and the opti-
mal conditions for differentiation of NSCs toward oligodendrocytes appeared to be spheroid
aggregates under perfusion and a monolayer on the ECM in static culture, as indicated in Figs.
7(B)-7(D), which had the same tendency for astrocyte differentiation. These results suggest that
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FIG. 7. Capability of NSCs to differentiate into oligodendrocytes at 4, 7, and 14 days. (A) Quantitative analysis of MBP
and SOX10 mRNA expression in the five culture groups under static conditions, n=3. (B) Quantitative analysis of MBP
and SOX10 mRNA expression in the NSC monolayer on the ECM and NSC spheroids in perfusion and static culture,
respectively, n = 3. (C) Confocal images of the NSC monolayer on the ECM in static culture. Green represents SOX10 and
blue is the nucleus. (D) Confocal images of NSC spheroids under perfusion conditions. Green represents SOX10 and blue
is the nucleus. Scale bars represent 100 um.
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these two culture systems facilitated glial differentiation. A summary of the proposed culture
conditions for NSC differentiation is shown in Fig. S2 (supplementary material).

Neurospheres are intrinsically heterogeneous cellular entities. With the ability to aggregate
and proliferate under serum-free medium conditions as well as in the presence of EGF and
bFGF, the neurosphere culture system has been extensively used to isolate and expand NSCs,
which could also be used as an in vitro 3D culture model for NSCs. NSCs in neurospheroids
communicate with each other by directing cell—cell contact and exchanging of nutritional and
signaling factors. Such a tissue-specific microenvironment enables aggregated NSCs to differen-
tiate and develop specialized structures such as those found in brain tissue in vivo.** The differ-
ences between the NSC monolayer and NSC spheroids and NSCs dispersed in the ECM and
NSC spheroids in the ECM suggest a role of cell—cell interactions in NSC behaviors.

ECMs create a 3D microenvironment in which NSCs are instructed to form micro-tissues
by guiding cell behaviors through environmental cell-matrix and cell—cell communications.’ In
this micro-scale system, factor distribution is generated by accumulated factors secreted by
NSCs embedded in the ECM, which is similar to real tissues. Moreover, our microfluidic sys-
tem is general and suitable for other ECMs that are critical components in the regulation of
NSC fate. Various 3D formats can be incorporated flexibly. Comparisons between the NSC
monolayer and NSC monolayer on the ECM, and NSC spheroids and NSC spheroids in the
ECM were used to illustrate the effects the ECM on NSC fates.

The influence of continuous flow shear stress on NSC fate was determined by comparing
cellular behaviors in static and perfusion cultures. Wang et al. showed that shear stress gener-
ated in a microfluidic channel does not enhance differentiation of monolayered NSCs compared
with 2D culture,*® which is in agreement with our results demonstrating that 2D culture in the
static state facilitated differentiation towards neurons, astrocytes, and oligodendrocytes.

IV. CONCLUSIONS

In summary, we successfully established a microfluidic array to construct NSC niches
in vitro in a controllable format by integrating micro-scale engineering techniques. This
approach enables synchronous analysis of NSC fate under various culture conditions. The find-
ings indicate that 3D culture in ECM facilitated NSC self-renewal and proliferation, and 2D
culture under static state benefited NSC differentiation into the neuron lineage, whilst, mono-
layer culture on the ECM under static state and spheroid culture under perfusion are in favor of
NSC differentiation into the glial cells. Differences of NSC fate induced by the cell organiza-
tion and cell-cell interactions in this system may be an inspiration for NSC differentia-
tion.****** Systematic study of NSC culture conditions will further our understanding of the
mechanisms of NSC fate and facilitate the design of new platforms that encourage potential
development of NSC-based nervous system therapies. Follow-up studies are underway to further
optimize differentiation toward a homogeneous population of a specific cell type, and broader
applications of this system may be realized in tumor research and organ-on-chip fields.

SUPPLEMENTARY MATERIAL

See supplementary material for Figure S1: Diagram of the control group setting and com-
parison process for NSC differentiation in the five culture conditions. Figure S2: The proposed
culture conditions for NSC self-renewal and differentiation.
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